Since its introduction from North America in the 1970s, the American razor clam Ensis leei (M. Huber, 2015) has successfully spread throughout North Sea coasts from Spain to Norway and the United Kingdom to the western Baltic. We investigated the distribution and abundance of this non-indigenous bivalve species as a potential novel food resource for common scoter Melanitta nigra (Linnaeus, 1758) along the eastern German North Sea coast. Highest densities of flightless moulting and wintering common scoters coincided with areas of high E. leei abundance. Other European studies showed common scoters extensively feed on E. leei. Even with these findings, it remains difficult to demonstrate convincingly that E. leei constitutes a major food source for common scoter in the German North Sea during their non-breeding season. However, our study suggests that E. leei has become an important prey item for internationally important concentrations of common scoters at large spatial scales.
Introduction
Invasive species constitute one of the most serious threats to global marine biological diversity [1] , potentially affecting ecosystem function, goods and services [2] . Being less susceptible, for instance, to endemic competitors, predators, diseases or parasites, they can become extremely abundant and dominate host systems [3] . However, it is known that some avian predators make use of aquatic alien bivalve species as novel food resources [2, 4] .
Of several marine alien species introduced to the German North Sea since the early 18th century, some now only persist within limited ranges whereas others have become widespread [5, 6] . The American razor clam (Ensis leei, see caption of Fig. 2 for taxonomic authorities) was first recorded in the German North Sea in 1979 [7] , but now it occurs from Spain to Norway, the UK and the Western Baltic Sea [8] . It has rapidly increased in abundance and biomass over the last three decades in the Dutch [9] and more recently in the German North Sea [10, 11] . Being common and highly abundant, E. leei potentially offers a profitable food resource for other species, such as benthic feeding fish and birds [12] .
The common scoter (Melanitta nigra) is a sea duck species found in large numbers along the German North Sea coasts during moulting (July-September) and wintering seasons (October-March) [13] . Its distribution patterns are regularly monitored along the Dutch, German and Danish Wadden Sea coasts [14] [15] [16] . Scoters predominantly feed on sedentary bivalve prey, which are highly abundant and easily accessible at any given site. They select mostly individuals ranging between 5 and 20 mm, and sometimes up to 40 mm, in length [17, 18] . Recent studies report sea ducks such as common scoters actively feed on E. leei [12, 19, 20] .
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To investigate the potential importance of E. leei as a food resource, we studied its distribution pattern in the German Bight. We also mapped the distribution patterns of moulting (i.e. flightless) and wintering common scoter. Based on these distributions, we raised the following hypotheses:
1. High(est) densities of common scoters are found in areas with high(est) densities of E. leei. 2. Where present, E. leei is more abundant compared to other native bivalve species and can thus contribute a major share to common scoter diets.
Materials and methods

Study areas
The study areas were located in the sublitoral German North Sea along the coast of Schleswig-Holstein (see Fig. 1 ). These areas were consistently used by moulting and wintering common scoter (FTZ unpublished data). The moulting area covered 860 km 2 in the southern German North Sea extending from Friedrichskoog (54° 2′ N, 8° 34′ E) to Westerheversand (54° 23′ N, 8° 33′ E) with water depths ranging from 1 to 16 m. The wintering area was located west of the island Sylt covering 490 km 2 with water depths ranging from 5 to 17 m. Both areas were within the twelve nautical mile zone. Both regions are located in protected areas designated by the Habitats Directive and the Birds Directive, as well as being listed as Ramsar sites [23] .
Ensis leei distribution
Overall, 319 benthos samples were taken with a 0.1 m 2 van Veen grab in both areas; 263 samples were collected in the moulting area during five cruises in 2015-2017 and 56 samples were collected in the wintering area during one cruise in 2018. Samples were taken based on grids (either a 5 × 5 km grid or a random stratified design) with three replicates at each sampling station. Collected bivalves were sieved through a 2 mm mesh and frozen in zip lock bags at − 20 °C for subsequent analysis. E. leei individuals were measured with callipers to the nearest mm and their numbers were converted to density (number of individuals per m 2 expressed as mean ± standard deviation). To test for statistical differences in E. leei frequencies between sampling stations and areas, a Chi square test was performed in R [24] .
Common scoter distribution
Data from ship and aerial Seabirds at Sea (SAS) surveys conducted by the Research and Technology Centre (FTZ) during the moulting and wintering periods of common scoter were used to generate distribution patterns and calculate common scoter densities (individuals per km 2 summarised for all surveys and rastered by 5 × 5 km grid squares). The surveys were implemented by the FTZ within a regular offshore seabird monitoring on behalf of the Schleswig-Holstein Agency for Coastal Defence, National Park and Marine Conservation-National Park Authority. Surveys were carried out following internationally standardized Seabirds at Sea methods [25] based on line transect methodology including distance sampling [26] . All aerial surveys had a fixed design with seven nearly N-S transects parallel to the coast. The four innermost transects were spaced at a 3 km interval, the remaining three were spaced at 6 km intervals. Surveys were performed from a high-winged twin-engine Partenavia P-68 with bubble windows at a flight altitude of 76 m (250 ft) and a cruising speed of 185 km h −1 (100 knots). The occurrence of birds was recorded within 388 m wide transects running parallel to the flight route of the observation platform. Ship based counts were either conducted parallel to the benthos sampling cruises or data were taken from regular ship based monitorings. Birds were recorded within a 300 m wide transect running parallel to the keel line of the observation vessel. Due to gaps in data, caused by either bad weather conditions or unavailability of ship/aircraft, data from 2015-2017 was combined. To match the benthos sampling areas, distribution maps are shown for the Schleswig-Holstein North Sea coast.
Results
Ensis leei distribution
Ensis leei was more widespread and occurred at higher densities in the southern study area (1003.9 ± 1680.7 ind m −2 , exceeding 10,000 ind m −2 in some samples) than in the northern study area (4.1 ± 7.3 ind m −2 ). A Chi square test revealed statistically significant differences in the distribution between both areas (p ≤ 0.001). E. leei densities for all sampling stations in both areas are shown in Fig. 1 . E. leei was present at almost all sampling stations in the southern study area (see Fig. 2a ), but was less prominent (p ≤ 0.001) in the northern study area (Fig. 2b) . Where present, E. leei dominated the benthic species composition in almost every single sample in the southern study area.
Common scoter distribution
During the time of moulting, common scoters occurred in small numbers along the entire eastern German North Sea coast with highest densities west of the islands Süderoogsand (810 ind km −2 ) and south west of the Eiderstedt peninsula (219 ind km −2 , Fig. 3 ). Fewest individuals were observed in the northern parts west of the island of Sylt and in offshore areas. This distribution corresponded closely with areas of highest E. leei abundance, including areas where this species dominated the benthic community. Additionally, areas of highest scoter abundance were observed at the sites with the highest densities of small (< 2 cm in length) E. leei individuals. During winter, common scoters were more dispersed along the eastern German North Sea coast and located further offshore (Fig. 4) . Higher densities were observed west of Sylt, particularly along the northern end and highest densities were found southwest of the Eiderstedt peninsula (618 ind km −2 ) and close to Süderoogsand (560 ind km −2 ). Again, the occurrence of scoters west of the Eiderstedt peninsula matched the locations with highest E. leei abundance.
Discussion
Our findings show that common scoters occur along the German North Sea coast in areas where E. leei is extremely abundant. This pattern is particularly evident during the moulting period when these birds cannot fly and therefore their surveyed distributions reflect their distribution in relation to feeding grounds. Highest scoter abundances during moult and winter occurred in the southern German North Sea, corresponding to areas of highest E. leei densities based on our benthos sampling. Common scoter typically feed on bivalves < 60 mm long [18] , although single scoters have been regularly observed feeding on E. leei individuals > 90 mm as well (I.K. Petersen personal communication). Kottsieper et al. [11] found that the E. leei individuals sampled in both the moulting and wintering fell within the same size class distributions. Particularly in the moulting area, high densities of small E. leei specimens were detected. The dominance, extent and available size class distribution of E. leei throughout the German North Sea in areas with moulting and wintering common scoters suggests this species could potentially provide a profitable food resource to this sea duck species in these areas.
Leopold and Wolf [19] were the first to describe that scoters actively feed on the American razor clam. Prior to this study, Abra alba, Cerastoderma edule, Limecola balthica, Mya arenaria, Mytilus edulis and Spisula subtruncata, amongst others, were listed as the most important prey items [18] . Studies from the German North Sea, however, showed that all these species had lower flesh to shell ratios compared to E. leei, so this species is not just most abundant but also of superior food quality compared to native bivalves in the area [11, 21] . A recent study from Fijn et al. [16] stated that common scoters residing in the Dutch Wadden Sea preferably feed on Spisula subtruncata, yet the high abundances of E. leei provides enough resources to fall back on. Freudendahl and Jensen [22] reported that all 26 common scoters shot at Horns Rev in the Danish North Sea had been feeding on E. leei. In a more recent study, Schwemmer et al. [21] analysed 88 stomachs of scoters found dead along the German North Sea coast, showing that E. leei was the most common species in all stomachs. However, assessing the importance of a prey by analysing stomach contents can be difficult. Stomachs from birds found dead on the shore inevitably originate from weakened individuals that have died of disease or were in poor condition and likely have emptied their stomachs long before being washed ashore. Collecting birds by shooting does not necessarily resolve this issue. Thirty wintering common scoter shot in the Wadden Sea and 59 moulting specimens shot in Aalborg Bugt (Denmark) had nearly empty stomachs, suggesting that birds may potentially feed most actively at night [27, 28] .
It is extremely challenging to prove that common scoters have switched from native prey to aggregate during moult and winter periods in a feeding response to E. leei density and abundance along German North Sea coasts. Sampling of benthos occurs at a scale (< 1 m 2 ), which is inappropriate to explain the distribution and abundance of common scoter that assort themselves in many thousands of individuals throughout more than 3000 km 2 of marine habitat off the German Wadden Sea. As discussed above, there are limitations and challenges associated with analysing the stomach contents of dead birds to assess the relative importance of E. leei in the moult and wintering diet of individuals and the population as a whole. The flesh to shell ratio of E. leei is superior to most other sympatric bivalve species [11] making it highly suitable prey for scoters. However, its attractiveness as prey is dependent on its abundance and size class distribution relative to other molluscs in the same sediment and the depth of the water column through which the sea ducks have to dive to obtain their prey (which determines the energetic costs of obtaining such prey). Spat settlement, mass die-offs and predation by fish and sea ducks all affect bivalve abundance and size class distributions within and between seasons. In marine systems, therefore, it is impossible to demonstrate a meaningful aggregative response of common scoters to E. leei. However, we would contend that based on data presented here, moulting (and therefore largely immobile) common scoters occur in very high densities over substrates where the benthos is composed almost exclusively of E. leei. We therefore assume that this highly profitable species contributes a major share to the scoter diet. The distribution and abundance of E. leei likely explains the distribution and abundance of the common scoters in their moulting and wintering areas at the present time. Modelling the distribution of common scoter in connection with the E. leei distribution would give us more insight into the relationship between both species.
Ensis leei also likely explains the distribution of common scoters elsewhere and at greater geographical scales. Houziaux et al. [29] reported high recruitment of juvenile E. leei in spring 2007 in the Belgian Wadden Sea and annual monitoring shows the species has been increasing in the Dutch Wadden Sea since 2010 [30] . In the German North Sea, Schwemmer et al. [21] found high densities along the North Frisian Island coasts. In a previous study, Dannheim and Ruhmohr [10] found high densities west of Sylt and Amrum as well as Eiderstedt. All these regions support common scoters and in many areas their numbers are increasing. Results from detailed benthos studies in German North Sea common scoter moulting areas demonstrated remarkably high abundances of E. leei [11] , which have correlated with increasing densities of moulting and wintering scoter numbers in this area during the last 3 years (FTZ unpublished data).
Common scoter distribution and abundance are regularly monitored throughout the annual cycle along Wadden Sea coasts [14] . However, we lack spatially and temporally explicit monitoring of benthic communities and the seasonal size class distributions of their components to help interpret their attractiveness and relative importance to feeding common scoters. Annual benthos monitoring occurs only in the Netherlands [30] and the few studies of E. leei distributions in the German North Sea have restricted spatial scales [10] . However, Schwemmer et al. [21] and Kottsieper et al. [11] have contributed new and more detailed information of recent years. Nevertheless, demonstrating the importance of E. leei as food for common scoters remains difficult as long as aerial seabird and benthos surveys are not performed simultaneously or at similar spatial scales that can account for shifts in patterns and seasonal differences. More detailed information on the dietary composition (including oesophagus, gizzard and gut contents) is needed to improve our understanding of common scoter diets. The results presented here confirm other studies showing that along North Sea coasts, E. leei has become an important element of the diet of common scoters during the critical moult and winter periods at large (i.e. thousands of square kilometres) spatial scales, including within EU Birds Directive protected areas designated for internationally important aggregations of this sea duck species.
